The ability to assemble mesoscopic colloidal lattices above a surface is important for fundamental studies related with nucleation and crystallization, but also for a variety of technological applications in photonics and micro-engineering. Current techniques based on particle sedimentation above a lithographic template are limited by a slow deposition process and by the use of static templates, which make difficult to implement fast annealing procedures. Here it is demonstrated a method to realize and anneal a series of colloidal lattices displaying triangular, honeycomb or kagome-like symmetry above a structure magnetic substrate. By using a binary mixture of particles, superlattices can be realized increasing further the variety and complexity of the colloidal patterns which can be produced.
INTRODUCTION
Ordered two-dimensional lattices of colloidal microspheres have direct applications as photonic crystals, 1 chemical sensor, 2, 3 filtration membranes, [4] [5] [6] or macroporous solids for catalysis. 7 Besides the technological interest, the ability to directly visualize crystallization process above a substrate is important to unveil the fundamental mechanisms underlying the growth of atomic and molecular thin films on a surface. 8 Highly ordered particle monolayers can be obtained via particle sedimentation above a micro-patterned template, like in colloidal epitaxy. 9 Variants of this technique have been developed in the past, based on varying the interparticle interactions, the interactions with the substrate or the driving force which leads to the colloidal assembly. 10 However, most of these methods are usually based on the use of lithographically defined templates characterized by fixed and immovable reliefs which in principle forbid annealing the colloidal pattern via direct manipulation of the substrate topography.
This article introduces a technique to rapidly and reversibly organize two dimensional colloidal lattices with different hexagonal symmetries, e.g. triangular, honeycomb or kagome-like, above a magnetic garnet film. The garnet film, characterized by a lattice of cylindrical magnetic domains, generates a two-dimensional periodic potential which is used to attract and directly assemble magnetic microspheres. Unlike classical sedimentation of non-magnetic colloids, this method features a fast deposition process, due to the strong attraction of the magnetic substrate, and the possibility to magnetically anneal in situ the colloidal structures, reducing lattice defects and imperfections. The magnetic substrate is a ~5 m thin single-crystal ferrite garnet film (FGF) of composition Y2.5Bi0.5Fe5-qGaqO12 (q = 0.51) and grown by standard liquid phase epitaxy on a (111) oriented gadolinium gallium garnet (GGG) substrate. 15 At equilibrium, the FGF displays a labyrinth of parallel stripe domains with magnetization vectors perpendicular to the film and periodically pointing in the upward and downward direction, spatial periodicity  = 6.8 micron. High frequency external fields 16 are used to transform the labyrinth pattern into a triangular lattice of cylindrical magnetic domains, also known as "magnetic bubbles", 17 with diameters D = 6.4 m and lattice constant a = 8.6 m. As shown in Figures 1(a,b) , the magnetic bubbles are uniformly magnetized domains immersed in a film of opposite magnetization. Due to the polar Faraday effect, it is possible to visualize the size and the position of the magnetic bubbles in the FGF film via polarization microscopy.
EXPERIMENTAL SECTION
A water drop containing a dilute solution of particles is placed on top of the FGF film, and after few minutes, the particles are two-dimensionally confined above the film due to the attraction of the magnetic domains. To avoid particle adhesion, the FGF is coated with a 1m thick film of a UV curable photoresist (AZ-1512 Microchem, Newton, MA), via standard spin coating and UV photo-crosslink. 18 More experimental details can be found in the Supporting Information (SI).
RESULTS AND DISCUSSION
In absence of an external field, once deposited above the FGF, the magnetic colloids are . All the colloidal lattices described until now, can be either formed via direct sedimentation in presence of the applied field, either produced by first depositing the particles, and later applying the magnetic field, as it is the case for the colloidal pattern shown in Fig.1 . Thus the applied field can be used an external "knob", to control the magnetic topography of the film and, in turn, the colloidal ordering, without the need of changing the substrate, in contrast to other template-based crystallization techniques. Moreover, for applications where an immobilized lattice of particles is required, the paramagnetic colloids can be fixed above the garnet film upon addition of a small amount of salt to the water suspension, which will screen the electrostatic interaction with the surface, inducing irreversible particle sticking. The different types of lattices which can be formed by using the small (1.0 m) particles are shown in the SI.
In order to distinguish between the various symmetries observed, the two-dimensional pair correlation function g(r) is calculated from the digitized particle positions, SI. These correlation functions are rescaled on the y-axis so as not to interfere with the experimental ones, and display a series of sharp lines which serve as guide to classify the experimentally observed structures.
One limitation of this approach is that sedimentation alone is unable to produce a defect free crystalline structure in most of the experiments. The strong attraction of the magnetic film, with energy minima as deep as ~1100 kBT (here T = 292 K) makes difficult any possible particle rearrangement, whatever thermal or mechanical, e.g. via laser tweezers for example. In order to improve the colloidal ordering, a magnetic annealing procedure is developed, based on the controlled motion of particle excess within the lattice. In particular, magnetic annealing is is the amplitude of an alternating field rotating with angular frequency  and precession angle  in the (x,y) plane, Figure 3e . As shown in a previous work, 21 an individual particle can be propelled above a bubble lattice when subjected to an external precessing field. The field modulates the magnetic landscape in such a way that it forces the particle to pass between nearest domains at a constant speed, V = a. Here it is shown that, when applied to an ensemble of particles interacting via excluded volume, the precessing field is able to induce particle sorting based on the relative position above the energy minima. In particular, particles sitting above the strong triangular minima are unable to move, unless they collide with other moving colloids, while excess particles are propelled through the free pathway in the colloidal pattern, until they find empty minima to be occupied. Figs. 3(a),3(b) and Video-3.MPG in SI show a honeycomb lattice before, 3(a), and after, 3(b), the annealing procedure. Essentially, there are two mechanisms by which an excess particle can be transported towards a lattice vacancy. The first one, shown in the top row of Fig. 3c , consists in the directed motion of the excess particle, which passes from one magnetic bubble to a nearest one sliding close to the colloids forming the honeycomb lattice. The second mechanism, shown in the bottom row of Fig. 3c , consists in the transport of the excess particle via particle swapping, 20 where adjacent particles synchronously exchange their positions above a minimum, and the occupation number inside the lattice unit cell remains constant. For both mechanisms, the net particle motion ceases once the excess particle finds an unfilled minimum, or leaves the observation area. As shown in Fig. 3f , the first mechanism based on particle swapping mainly occurs when the excess particle moves along the crystallographic directions (crystallographic angles  = 0 o -60 o ), since along these directions are located the particles forming the honeycomb lattice. The second mechanism instead, is mainly observed at intermediate angles, where the excess particle has less probability to encounter another particle of the lattice. Fig. 3g shows that the average speed of the excess particles moving via the first mechanism can be well describe by the linear relationship V = a. from the lattice area. In contrast, for amplitudes H0 < 800 A/m, the magnetic energy supplied to the system is unable to generate a net current of excess particles, and thus to anneal the colloidal lattice. The entire assembly/disassembly process is fully controlled by the external field, and the excess particles can be precisely and reversibly moved inside the lattice.
The strong attraction of the magnetic bubbles allows easily trapping and confining magnetic particles with smaller size. This would be not possible with non-magnetic colloids, since thermal forces could easily detach the particles from the substrate making more difficult the deposition process. This feature is used here to sediment particles with different sizes producing colloidal superlattices, i.e. patterns composed by different types of penetrating periodic structures.
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Two illustrative examples are shown in Figure 4 , with a binary mixture of paramagnetic colloids, and characterized by the area fractions  = 0.12 and  = 0.19, Figure 4a , and  = 0.02 and  = 0.43, Figure 4b . Here  () denotes the area fraction of the small (large) particles. In both situations, a lattice of large magnetic colloidal particles entraps small particles at the center of the bubble domains. The small particles experience a stronger attractive force than the large ones, since are closer to the magnetic substrate, and the magnetic stray field of the bubble lattice decreases exponentially with the particle elevation. 24 In this particular case, the magnetic film generates a honeycomb lattice of minima for the large particles, and a different landscape for the small particles, characterized by energy minima at the centers of the magnetic domains. Should be noted that binary colloidal lattices have been previously reported by several groups via experiments 25,26 and numerical simulations, 27,28 in two 29, 30, 31 and three 32, 33, 34 dimensions.
Although this system is limited by the magnetic film to the two-dimensional case, it allows to actuate selectively over one type of particle by varying the magnetic energy landscape. As shown in Videos-6.MPG and Videos-7.MPG in the SI, application of a precessing field with an amplitude H0 = 500 A/m unable to anneal the lattice, it can be used to discriminate both types of particles, inducing only motion of the small particles in the colloidal superstructure.
CONCLUSIONS
In summary, a technique to engineer a series of magnetic colloidal lattices with triangular, honeycomb and kagome-like symmetry and corresponding superlattices composed of a binary particle mixture is presented. Precessing magnetic fields can be used to anneal the lattice structure either via direct transport of excess particles, either via a particle swapping mechanism, leading in both cases to a fast reduction of lattice defects and imperfections. In thin atomic and molecular films, annealing is usually induced via thermal cycling. 35 This procedure may not work with colloidal systems due to the different length-scale and interactions involved. 36 In particular, heating a colloidal crystal in order to induce defect recombination may instead provoke melting or unwanted convective currents. Should be also mention that the use of dynamic fields to anneal colloidal structures has been recently demonstrated in bulk magnetorheological systems. 37, 38 
